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@ Eleotrieally-Arariable Inductor. 

@ An inductive device includes a principal mag- 
netic core (11) having a principal winding (10) coup- 
led therewith so that the reluctance of the principal 
core Influences the inductance of the principal wind- 
ing. A control winding (12) is coupled to a control 
magnetic core (13) so that the current in the control 
winding influences the magnetic flux in the control 
core. The control core intersects the principal core 
so that magnetic flux produced in the control core 
interferes with the principal core. Selective control of 
current in the control winding influences the mag- 
netic flux in the control core, which in tum interferes 
^with the principal core so as to influence the reluc- 
ftance thereof and thereby vary the inductance of the 
principal winding. Additional control windings may be 
coupled to respective additional control cores (13a, 
13b, 13c) which intersect the principal core, so that 
selective control of the currents in the various control 
windings enables selective control of the degree of 
interference with the principal core, and hence the 
reluctance thereof. Tlie dim nsions of resp ctive re- 
luctance control regions where the control cores 
intersect the principal core may be s I cted such 
that the degrees of Influence of the individual control 
cores are in a binary sequence. 
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EIJECTRICAULY>VARIABLE tNDUCTOR 



This invention relates to variable inductive de- 
vices such as variable inductances and transform- 
ers. 

In the past, the selecfive control of inductance 
-has been effected. by mechanically altering the 
physical characteristics of eitiier the electrical cir- 
cuit or the magnetic circuit associated with the 
inductor. These techniques can be costly, mechani- 
cally unreliable, and inadeuqate for the purpose of 
varying inductance in response to electrical control 
signals- In the cases of magnetic amplrfiers and 
voltage regulating transformers, tfie steady state 
intsracfion which can occur t^etween *ie control 
circuits and the power circiflts as a result of mag- 
netic coupling constitutes a distinct disadvantage 
for many applicafions. 

It is an object of the present invention to pro- 
vide an electrically-Arable inductive device. 

In a preferred embodiment of the Invention an 
electrically-variable Indudh/e device is provided 
having means for controlling values of inductance 
within an electrical circuit in response to appOcation 
of one or more control signals to one or more 
respective control drcuits, without, or with only 
negligible, magnetic coupling between any of the 
circuits. 

The Invention is leased on the idea of elec- 
trically controlling ttie reluctance of a magnetic 
circuit, and of thereby controlling the inductance of 
one or more electical inductors associated witii *ie 
magnetic circuit 

In particular, the Invention is teased on the idea 
of controlling values of inductance In an electrical 
circuit by selectively switching current levels, which 
may be quite low, in one or more magnetically 
associated control circuits, preferably witiiout tiie 
tncumt»ent disadvantage of magnetic coupling be- 
tween any of the individual circuits. The advan- 
tages of such an approach relative to the afore- 
mentioned prior art include the total absence of 
moving parts wfach results in ruggedness and 
economy of constniction, the at^lltty to control large 
amounts of power using low-level direct current 
signals, and the virtual absence of magnetic cou- 
pling between any of the individual circuits of the 
device. 

According to tiie invention there is provided an 
inductive device including a principal winding, and 
a principal magnetic circuit having the principal 
winding operatively coupled therewith so that the 
reluctance of th principal magnetic circuit influ- 
ences the Inductance of tiie prindpal winding, 
characterised by a control winding; and a control 
magnetic circuit having th control winding oper- 
atively coupled therewitii whereby the current In 



th control winding influences the magnetic flux in 
tiie control magnetic circuit, the control magnetic 
circuit t>oing arranged in association witii the princi- 
pal magnetic circuit so ttiat a magnetic flux in the 
s control magnetic circuit at least partially interferes 
witti the principal magnetic circuit, whereby selec- 
tive control of current in the control winding Influ- 
ences the magnetic flux in the control magnetic 
circuit which in turn interferes witii tiie principal 
TO magnetic circuit so as to thereby influence th 
reluctance thereof and so vary the inductance of 
the principal winding. 

Preferably the control magnetic circuit is ar- 
rangeki substantially in a single control plane, the 
TS control plane Ijeing arranged substantially at right 
angles to at least tine region of tiie prindpal mag- 
netic circuit subject to the interference by magnetic 
flux in the contix)! magnetic circuit Also preferably 
the principal magnetic circuit is arranged substan- 
20 tiaily in a single prindpal plane at right angles to 
; the control plane, whereby magnetic coupling t>e- 
tween the control magnetic circuit and prindpal 
magnetic drcuit is minimised. 

tf desired, one or more additional control wn- 
25 dings may be provided, the or each additional 
control winding fc>eing operatively coupled witti a 
respective additiortal magnetic control drcuit ar- 
ranged relative to the principal magnetic drcuit so 
as to Interfere therewHh, this an^ngement enabling 
30 selective control of the currents in the control wind- 
ing and in the or each additional control winding so 
as to enable selective control of the degree of 
interference witii the prindpal magnetic drcuit, and 
hence the reluctance thereot 
35 Also if desired, there may be provided at least 

one additi'onal principal winding operatively coupled 
with the prindpal magnetic circuit so as to enable 
inductive coupling between the principal winding 
'_^d the or each addjtional prindpal winding, tiie 
40 "arrangement k>eing such ttiat the selective control 
of the current in the control winding enables selec- 
tive variation of the inductance of and coupling 
between tiie prindpal winding and the or .each 
additional prindpal winding. 
4S In the prefenred consbtiction of a device ac- 

cording to the invention the prindpal magnetic dr- 
cuit comprises a principal magnetic core, and the 
control magnetic drcuit comprises a control mag- 
netic core. The control magnetic core intersects the 
50 prindpal magnetic core so as to enable selective 
interference with tiie reluctance of tfi prindpal 
magnetic core by selective control of current in the 
control winding. Preferably tiie control winding is 
arranged to be completely de-energised or to t)e 
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energised to an extent that the aissoclated control 
magnetic core Is magnetically saturated. The con> 
trol magnetic core is preferably made of a high 
permeability ferromagnetic material. 

In one particular possible anrangement of a 5 
device according to the invention, the principal 
magnetic core is divided into two loops which are 
intersected symmetrically by a single control mag- 
netic core^ the single control core having coupled 
therewith two symmetrical control windings con- io 
nected in parallel, whereby any magnetic flux set 
up by the principal core in the intersecting control 
core carrying the control windings is self-cancelling 
and vice versa, whereby any magnetic cross-cou- 
pling between the principal and control magnetic 75 
circuits is substantially reduced. 

In any of the embodiments using the preferred 
magnetic cores, the principal magnetic core may 
have a portion thereof with defines a series portion 
of the principal magnetic circuit, this core portion 20 
being intersected by a plurality of control magnetic 
cores each having associated therewith a respec- 
tive control winding, whereby selective control of 
the numt>er of control windings energised enables 
selective control of the reluctance of the series 25 
portion of the principal rhagnetic circuit In this 
arrangement eacli of the plurality of control mag- 
netic cores may have a respective different thick- 
ness at least at the intersection thereof with the 
core portion, so that each control magnetic core so 
can influence the reluctance of the principal mag- 
netic circuit to a different predetermined extent 

The principal magnetic core in a further possi- 
ble emtKKliment may be divided into parallel core 
portions providing parallel paths for magnetic flux 35 
in tiie principal magnetic core, each of the parallel 
core portions being intersected by a respective 
control magnetic core, each control magnetic core 
having an associated respective control winding* 
whereby selective control of the current in each 4o 
control winding enables selective control of the 
magnetic reluctance in the respective associated 
parallel core portion of the principal magnetic core. 

The dimensions of each respective reluctance 
control region where each control magnetic core 4S 
intersects the principal magnetic core may be cho- 
sen and arrariged so as to enable selective step- 
ping of the principal winding inductance. In particu- 
lar, the individual degrees of influence of the con- 
trol magnetic cores may be in a binary sequence 50 
so that not only each individual control magnetic 
core influences the reluctance of the principal mag- 
netic circuit to a respectively different extent, but 
also different pennutations and combinations of 
control magnetic cores, when the assodated con- 55 
trol windings ar energised, will also influence the 
reluctance of the principal magnetic circuit to re- 
spectively differing extents. The device may be 



associated wHh, or have included therein, switching 
means responsive to a binary coded input signal, 
the switching means being operative to switch cir- 
cuit to respective different combinations of the con- 
trol windings in response to the binary coded sig- 
nal so as to thereby enable control -of the Induc- 
tance of the prindpal winding in a stepped fashion. 

In one particular prefenred ;use of the invention, 
the prindpal magnetic circuit may have associated 
therewith a secondary winding so as to enable 
magnetic coupling t^etween the principal and sec- 
ondary windings, control of the current In the con- 
trol winding thereby enabling selective control of 
the magnetic coupling between the principal and 
secondary windings. In a particular configurati n, 
the principal magnetic circuit may include a control 
arm and principal arms symmetrically arranged rel- 
ative to the control arm, the control arm having 
associated therewith the control magnetic circuit 
the principal winding being operatively associated 
with one of the prindpal arms, the secondary wind- 
ing being arranged in two stages in series, each 
stage being operatively assodated with a respec- 
tive one of the two principal arms. 

A power factor compensation arrangement may 
utilise a variable Inductive device according to the 
present invention arranged in parallel with capaci- 
tive means, enabling compensation agairtst fixed or 
variable reactive Imbalances In an assodated pow- 
er drcuit 

Ernbodlments of the present invention will now 
be described, by way of example, with reference to 
the accompanying drawings, in which 

Rgure 1 is a schematic perspective view of 
a basic arrangement of an inductive device accord- 
ing to the invention; 

Figure 2 is a schematic perspective view of 
a further embodiment of an inductive device ac- 
cording to the invention; 

Figure 3 is a schematic side view of a pre- 
ferred embodiment three control magnetic dr- 
cuits disposed In a series arrangement in the prin- 
-cipal magnetic circuit^ 

Rgure 4 is a schematic side view of a pre- 
ferred embodiment having three control magnetic 
drcuits disposed in a parallel arrangement with the 
prindpal magnetic circuit, 

Rgure 5 is a schematic side view of a volt- 
age regulating transfonmer according to an embodi- 
ment of the invention; and 

Rgure 6 is a schematic circuit diagram of a 
simple power factor compensating 'Srcult utilising 
the present invention. 

Referring to the accompanying drawings. Rg- 
ure 1 illustrates a basic exemplary embodiment of 
a variable inductive device according to th inven- 
tion. A principal winding 10 is coupled with a cor- 
responding prindpal magnetic core constituting a 
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pnncipal magnetic circuit and canying an asso- 
dated magnetic flux ^M. A control winding 12 is 
coupled with an associated magnetic core 13 which 
canles a control flux ♦C. The core 13 having the 
control winding 12 intersects th principal magnetic 
core 11 such that the two magnetic fields *M and 

lie In planes sut^stantially normal to each other. 
In use of this embodiment, the control winding 12 
is either completely de-energised, or is energised 
to an e)ctent that the core 13 is fully magnetically 
saturated. When the control winding 12 is not ener- 
gised, is equal to zero and a high permeat^'lity 
path is provided around the core 11 for ^M. When 
the control winding 12 is energised. is at satu- 
ration value and the magnetic reluctance of the 
principal core 1 1 is signffieantly increased across 
the gap through which the prindpaf core 11 is 
intersected by the core 13. 

Preferably, the magnetic core 13 carrying tiie 
control winding 12 is fabricated from a very high 
permeability ferromagnetic material, but other ma- 
terials having lower permeabilities may provide 
suitable for various specific applications. In the 
case where a high permeability ferromagnetic ma- 
terial is used, the magnetic reluctance of tiie princi- 
pal magnetic circuit constituted by tiie core 11 
across the gap through which it is intersected by 
the magnetic control drcuit constituted by the core 
13 when the control winding 12 is energised, is 
given by the following formula; 

R = _t 

where R ~ magnetic reluctance across gap, 
1 ~ gap widtti and therefore thickness of control 
winding core 13, 
Uo « 43r X 10"^, 

A = cross-sectional area of the pnncipal core 1 1 at 
the point of intersection. 

Because the principal magnetic drcuit and the 
magnetic control • drcuit lie in planes which are 
substantially normal to, each other, magnetic cou- 
pling between the prindpal and control windings 
10, 12 is practically nil. 

An alternative arrangement which also almost 
excludes magnetic coupling between the magnetic 
drcuits Is illustrated in Figure 2. The prindpal 
magnetic core 11 Is divided into two loops 15. 16 
which are both intersected symmetrically by a sin- 
gle core 13 carrying two symmetrical control win- 
dings 12a. 12b connected in parallel. Magnetic 
symmetry is therefore achieved. Hence, any mag- 
netic flux which might be set up by the prindpal 



core 11 in the intersecting core 13 carrying the 
control windings 12a. 12b is self-cancelRng and 
vice-versa, so that cross coupDng is, at least ttieo- 
retically; reduced to zero. 

5 Rgure 3 of tiie drawings illustrates anottier 

embodiment of the invention wherein a prindpal 
magnetic core 11 carrying a principal winding 10 is 
provided with a three-stage series intersection by 
separate cores 13a. "13b. and 13c having different 

TO thicknesses and carrying separate respective con- 
trol windings- Simllariy, Rgure 4 illustrates a redp- 
rocal arrangement wherein the prindpal core 11 is 
provided with a three-stage parallel intersection, in 
each case, the inductance of the prindpal winding 

IS 10 can be varied in discrete steps by the selective 
application of separate direct cunrent signals to 
each of the three separate control windings. Where 
each of the tiiree intersecting cores 13a, 13b and 
13c is fabricated from identical material and th 

20 three separate control windings are identical, the 
steps by which tiie inductance of the principal 
winding 10 can be varies are determined fay th 
relative thicknesses of the intersecting cores. For 
^ continuous stepped adjustment of the principal 

25 winding inductance, maximum resolution is 
achieved when the three steps of adjustm nt and 
therefore the relative thicknesses of th * regions of 
Intersection of the cores (whether tiie control core, 
the prindpal core or a combination of Ixrth tiiic- 

30 knesses), are arranged in binary sequence. Thus, 
the inductance of the prindpal winding 10 can t»e 
set either by manual switdiing means or in re- 
sponse to a binary coded agnal. 

Where the arrangements shown in Rgures 3 

35 and 4 of the drawings are appGed to th control of 
power drcuits. the arrangement of Rgiire 3 would 
normally be connected across a power line as a 
variable shunt Inductor, and the arrangement of 
Rgure 4 would normally be connected in series 

4o with a power line as a variable series inductor. 
Another application of tfte arrangements shown in 
Rgures 3 and 4 yields a means of digital to analog 
inversion whereby a binary coded signal is ap- 
plied appropriately to the control windings to pro- 

45 duce a representative analog current determined 
by corresponding values of inductance exhibited by 
the prindpal winding 10. The three stages of inter- 
section shown in each of Rgures 3 and 4 are 
exemplary only arnl, in practice, a larg number of 

60 intersections of the principal core 10 can be ar- 
ranged to represent a larger number of variation 
steps or a larger number of bits of binary informa- 
tion. 

Rgure 5 illusbntes a voltage regulating trans- 
65 former based on th concept of the present inven- 
tion. A secoruiary winding is arranged In two stages 
20a. 20b to achieve the magnetic symm try de- 
scritied in connection with Rgure 2 of the draw- 
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ings. The central. arm 21 of the prinqtpaJ core 11 is 
intersected in accordance wtth the aforementioned 
criteria for th prefenred performance of the inven- 
tion, and one or more direct cunrent ^gnals are 
applied to one or more corresponding control win- 
dings to vary the magnetic reluctance of the princi- 
pal core 10 selectively, and therefore to vary the 
magnetic coupling between the primary and secon- 
dary windings 10, 20 of the transformer. Appro- 
priate energisation of the one or more control win- 
dings can t>e either in response to external means 
or to a sensing of the transformer secondary volt- 
age. 

Figure 6 of the drawings Illustrates a power 
factor compensation arrangement utilising the In- 
vention. A variable inductance 25 shown in the 
drawing represents a variable inductor in according 
with the invention, and this can be balanced 
against a fixed capacitor 26 to compensate against 
fixed or variable reactive imbalances in power cir- 
cuits. 

The inductive devices described and illustrated 
herein utilise a novel concept for obtaining selec- 
tively variable values of inductance using mag- 
netomotive techniques, while avoiding the need for 
interworking mechanical parts and substantially re- 
ducing or practically eliminating the commonly- 
encountered problem of harmonic generation and 
steady state interaction between principal and cor>* 
trol circuits. 



Claims 

1. An inductive device including a prindpal 
winding (10), and a principal magnetic drcurt (11) 
having the principal winding operatively coupled 
therewith so that tiie reluctance of the principal 
magnetic circuit influences the inductance of the 
principal winding, characterised by a corrtrol wind- 
ing (12); and a control magnetic circuit (13) having 
the control winding operatively coupled therewith 
whereby the cunrent in the control winding influ- 
ences the magnetic flux in the control magnetic 
circuit, the control magnetic circuit being arranged 
in association with the principal magnetic circuit so 
that a magnetic flux in the control magnetic circuit 
at least partially interferes with the prindpal mag- 
netic drcuit. whereby selective control of cuirent in 
the control winding influences the magnetic flux in 
the control magnetic circuit which in turn interferes 
with the principal magnetic circuit so as to thereby 
influence the reluctance thereof and so vary the 
inductance of the prindpal winding. 

2. An inductive device as claimed In claim 1, 
characterised in that the control magnetic circuit 
(13), Is arranged substantially in a single control 
plane, the control plane being arranged substan- 



tially at right angles to at least the region of the 
prindpal magnetic drcuit (11) st^Ject .to the inter- 
ference by magnetic fiux in the control magnetic 
circuit 

5 3. An inductive d vice as claimed in claim 2, 

characterised in that the principal magnetic circuit 
(11) is arranged substantially in a single prindpal 
plane at right angles to the control plane. 

4. An inductive device as claimed in any pre- 

10 ceding claim, characterised by one or more addi- 
tional control windings, the or each additional con- 
trol winding being operatively coupled witii a re- 
spective one of one or more additional magnetic 
control circuits (13a, 13b, 13c) arranged relative to 

75 the principal magnetic drcurt (11) so as to interfere 
therewith, whereby selective control of the currents 
in tiie control winding (12) and In the or each 
additional control winding enables selective control 
of the degree of interference with the prindpal 

20 magnetic drcuit (11), and hence the reluctance 
thereof. 

. 5. An inductive device as claimed in any pre- 
ceding claim, characterised by at least one addi- 
tional principal winding (20a, 20b) operatively coup- 
25 led wlth*the prindpal magnetic drcuit (11) so as to 
enable Inductive coupling between said prindpal 
winding (10) aiM the or each additional principal 
winding, the arrangement being such that the 
selective control of the current in the control wind- 
so ing (12) enables selective variation of the induc- 
tance of. and the coupling between, the principal 
winding and the or each additional principal wind- 
ing. 

6. An inductive device as claimed in any pre- 
ss ceding claim, diaracterised in that the prindpal 

magnetic drcuit (11) comprises a prindpal mag- 
netic core; in that the control magnetic circuit (13) 
comprises a control magnetic core; and in that tiie 
control magnetic core Intersects the principal mag- 
40 netic core so as to enable selective interference 
with the reluctance of the principal magnetic core 
by selective control of current in the control wind- 
-ing (12). 

7. An inductive device as claimed In claim 6. 
45 characterised in tiiat the control winding (12) is 

arranged to be completely de-energised or to be 
energised to an extent such that the associated 
control magnetic core (13) is magnetically satu- 
rated. 

50 8. An inductive device as claimed in claim 6 or 
claim 7, charaderised in tiiat the control magnetic 
core (13) is made of a high permeability ferromag- 
netic material. 

9. An inductive device as claimed In claim 6, 

55 claim 7 or claim 8. characterised in that the princi- 
pal magnetic core (11) is divided into two loops 
(15. 16) which are Intersected symmetrically by a 
single contr I magnetic core (13), tiie single contr I 
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magnetic core having coupled tlierewtth two sym- 
metrical control windings (12a, 12b) connected in 
parallel, so that any magnetic flux set up by the 
prindpal core in the Intersecting control core carry- 
ing the control vyindings is self-cancelling and vice- 
versa, whereby any magnetic cross-coupling be- 
tween the principal and control magnetic circuits is 
substantially reduced. 

10. An inductive device as claimed in any one 
of claims 6 to 9, characterised in that the principal 
magnetic core (11) has a portion thereof defining a 
series portion of the principal magnetic circutt, said 
core portion being Intersected by a plurality of 
control magnetic cores (13a, 13b, 13c) each having 
associated therewith a respective control winding, 

»MAerebyir$ele€&veiGOntroIi^^ 
windings energised enables selective control of the 
reluctance of ' said series portion of the principal 
magnetic drcurt 

11. An inductive device as claimed in claim 10. 
characterised In that each of the regions of Inter- 
section of the control and principal magnetic cores 
(13a. 13b. 13c and 11) has a respective different 
thickness. 

12. An inductive device as claimed in any one 
of claims 6 to 11. cfiaracterised in that the principal 
magnetic core (11) Is divided Into parallel core 
portions providing parallel paths for magnetic flux 
in the principal magnetic core, each parallel core 
portion being intersected by a respective control 
magnetic core (13a, 13b. 13c), each control mag- 
netic core having an associated respective control 
winding, wherry selective control of the current in 
each cmtrol winding .enables selective control of 
the magnetic reluctance in the respective asso- 
dated parallel core portion of tiie prindpal mag- 
netic core. 

13. An inductive device as claimed in claim 10. 
daim 11 or daim 12, characterised in that the 
dimensions of each respective reluctance control 
region where each control magnetic core (13a, 13b, 
13c) Intersects the principal magnetic core (11) 
enable selective stepping of the prindpal winding 
inductance, the individual degrees of influence of 
the control magnetic cores being in a binary se- 
quence. 

14. An inducth^e device as claimed in claJm 13, 
characterised by switching means responsive to a 
binary coded signal, the switching means being 
operative to switch current to respective differing 
combinations of tiie control windings in response to 
the binary coded signal to enable control of the 
inductance of the principal winding (10) in a 
stepped fashion. 

15. An Inductive device as claimed in any 
preceding oleum, diaracterised by a seconding 
winding (20a, 20b) operatively assodated witii the 
prindpal magnetic drcuit (11) so as to thereby 



enable magn tic coupling between the prindpal 
and secondary windings (10 and 20a, 20b), control 
of the current in the control winding (12) thereby 
enabling selective control of the m'agnetic coupling 

5 t}etween the principal arid secondary windings. 

16: An inductive de>^ce as claimed in claim 15, 
characterised in that the principal magnetic circuit 
(11) includes a control arm (21) and principal arms 
symmetrically arranged relative to the control arm, 

10 the control arm having assodated tiierewith the 
control magnetic drcuit (13), the principal winding 
(10) being operatively assodated with one of the 
principal arms, and the secondary winding (20a. 
20b) being arranged in two stages in series, each 

75 stage being operatively assodated with a respec- 

iMMtiyexonjilg^^ 

17. A power fector compensation arrangement 
characterised by an inductive device as claimed in 
any one of daims 1 to 15, arranged in parallel with 

20 capacitive means (26) to enable compensation 
against fixed or variable reactive imbalances in an 
assodated' power drcuit 
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